To more fully understand why pattern-recognition contrast thresholds differ from those for detection tasks, we have studied the psychometric function that links performance to pattern contrast (Figure 1) . The threshold is just one point on that function and a description of performance based on thresholds alone is incomplete without knowledge of the psychometric function's shape for the stimulus property under question. This becomes particularly apparent when thresholds are to be compared across studies since the definition of threshold varies widely between studies, being set at criterion performance levels between 50% and more than 90%. Thresholds thus mean different things in different studies, and for their quantitative comparison the psychometric function and particularly its slope must be known. Slope can further serve as a measure of reliability, both of threshold and of the system under investigation. A reduced slope might thus prove to serve as a diagnostic of system malfunction (Lelkens & Opponeer, 1983) .
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The psychometric function for recognition of singly-presented digits as a function of digit contrast was measured at 2-deg steps across the horizontal meridian of the visual field, under monocular and binocular viewing conditions. A maximum-likelihood staircase procedure was used in a 10-alternative, forced-choice recognition paradigm to gather the data. Both the Weibull and logistic psychometric functions provide excellent fits to the observed data. The slopes of these functions at their point of inflection ranged from 4.0 to 5.0 proportion-correct/log 10 -unit contrast, for both monocular and binocular viewing and for all loci in the visual field. These slope values correspond to short-term measurements (around 30 trials or one minute) and do not include performance variations of longer duration; the latter are estimated to increase slope by about a factor of 1.5. A single psychometric function shape, centered around a threshold value, therefore describes recognition performance at all retinal loci and binocularity. An empirical comparison of slope results across the literature shows the function's slope is about twice that reported for a number of detection tasks. The comparison of recognition contrast thresholds, percent-correct values and other performance measures across studies requires the knowledge of the psychometric function's slope, and our results thus provide a firm basis for the study of low-contrast character recognition.
To more fully understand why pattern-recognition contrast thresholds differ from those for detection tasks, we have studied the psychometric function that links performance to pattern contrast (Figure 1) . The threshold is just one point on that function and a description of performance based on thresholds alone is incomplete without knowledge of the psychometric function's shape for the stimulus property under question. This becomes particularly apparent when thresholds are to be compared across studies since the definition of threshold varies widely between studies, being set at criterion performance levels between 50% and more than 90%. Thresholds thus mean different things in different studies, and for their quantitative comparison the psychometric function and particularly its slope must be known. Slope can further serve as a measure of reliability, both of threshold and of the system under investigation. A reduced slope might thus prove to serve as a diagnostic of system malfunction (Lelkens & Opponeer, 1983) .
To compare slope results across studies, the flurry of slope measures in use needs to be tied to a generally useful standard. A separate report shows that such a measure is maximum slope of the Pc(x) function on a natural log stimulus scale (Strasburger, 2001a , shortened reprint in the Fechnerday Proceedings; see also Klein, 2001 ).
The goal of this report is to study the variation of the slope of the psychometric function for character recognition versus pattern contrast, across the horizontal meridian, for binocular and monocular vision. A fine, 2-deg raster of horizontal eccentricities is used across the entire range to obtain a detailed description of any variation. The slope data at finely spaced retinal positions presented here should provide a firm basis on which to build future studies. β ' = ∆ p c /∆ log c Figure 1 . The psychometric function (in detection tasks sometimes also called frequency-of-seeing curve) in a forced-choice task. Definition of terms: Abscissa: a measure of stimulus level, here the logarithm of relative contrast, log(x/α); ordinate: subject performance as proportion P c of correct responses; γ γ γ γ: guessing rate, 10% in a 10afc task; λ λ λ λ: lapsing rate; α α α α: the threshold, defined here as the point of inflection; ∆Pc/∆logx: slope on a log scale, its maximum is denoted by β' to show that it is related to the slope parameter β (see Strasburger, 2001a , Treutwein & Strasburger, 1999 , for further details). The inset shows the stimulus set at some intermediate contrast.
Methods
Stimuli and procedure: Single-digit stimuli (inset in Figure 1 ), were presented singly, for 100 msec, as white patterns against a 62 cd/m2 background on a video processing system with 15 bits of gray-scale resolution (see Bach, Meigen, & Strasburger, 1997 , for an overview of high-contrastresolution techniques). The current software version, named R_Contrast, runs on standard equipment (Strasburger, 1997) . Stimulus contrast was measured in log10 Michelson units, i.e., log10 c = log10 (ltl b)/( l t + l b); contrast was specified relative to the threshold α at the given condition: ξ = log10 (c/α). Two emmetropic observers served as subjects; each made approximately 30,000 judgments over a period of one year. Response data were acquired in an adaptive, maximum-likelihood staircase procedure, ML-PEST (Harvey, 1986; Harvey, 1997) , (see Treutwein, 1995 , for a review), with stimulus contrast as the adaptive variable.
Data Pooling and Curve-Fitting: At each retinal location, the (binary) response data for relative contrast were pooled across stimulus size; each slope estimate thus refers to the set of visible stimulus sizes at a given retinal eccentricity, not to individual sizes. Two sigmoid functions of slightly different shape, the Weibull and the logistic, were used to fit the data, using a maximum-likelihood curve-fitting program, MLPFIT, written by L. Harvey ({Harvey, 1986 #7; , 1997 #44 iii ).
iii The current version of MLPFIT has been renamed to PsychoFit and is available from Harvey's homepage, http://psych.colorado.edu/~lharvey/home.html. Please do not confuse maximum-likelihood psychometric function fitting (PsychoFit) with maximum-likelihood adaptive procedures (like ML-PEST, QUEST, etc.)
Results
The effects of stimulus size, retinal eccentricity and viewing condition on contrast threshold in the present experiments were virtually identical to what was previously reported (Strasburger, Harvey, & Rentschler, 1991; Strasburger, Rentschler, & Harvey, 1994) . The focus here is therefore on the shape of the psychometric functions. Fig. 2 shows, in the horizontal plane, a summary fit of a logistic psychometric function, for binocular viewing on the horizontal meridian, with response density in the vertical direction. Note how the adaptive algorithm has concentrated the testing levels. The best fitting psychometric function has a slope β′ of 4.84 p c /log 10 unit (Table 1) Summary psychometric function and subject responses for binocular viewing of digits on the horizontal meridian, with response data pooled over all stimulus sizes (from 0.1 to 4.8 deg) and eccentricities (0° to ±38° in steps of 2°). Around seventeen thousand responses are included in the graph. Each data point represents a contrast bin of 0.01 log units width and is located at the mean of that bin. The number of responses is coded both as needle length and dot size. Large dots: ≥ 50 responses per point; medium size dots: 6-50 resp./point; small dots: 1-4 resp./point. The ML-fitted logistic function has a maximum slope of β' = 4.84 p c /log 10 unit. Note that the curve fitting operates on the binary, not the grouped data. Figure 3 plots maximum slope β′ as a function of eccentricity. Slope is much reduced at the borders of the blind spot, i.e. in a region where slight fixation changes lead to a change between binocular and effectively monocular viewing, i.e. where two thresholds are superimposed. Other than that, slope is essentially unchanged across eccentricity, with a slight flattening at the most peripheral locations.
The field of recognition extends to about 40 degrees eccentricity on the horizontal meridian (Strasburger & Rentschler, 1996) . Summarizing, a slope of β′ = 4.8 p c /log 10 is characteristic for binocular viewing over a wide range of eccentricities on the horizontal meridian, extending to at least 32°, and there seems a slight decrease of slope near the border of the field of recognition. Influence of the Normalization Procedure: A separate experiment was conducted to study the influence of the normalization-to-threshold procedure (not explained here) on the slope estimates. 1180 trials were run in total at two retinal positions (for more details see Strasburger 2001b) . Without normalization the slope estimates are lower, by about a factor of 1.5, than those obtained with normalization applied. As a consequence, slope estimates obtained with long vs. short experimental runs are not strictly comparable. Perceptual and attentional variations that show themselves in fluctuations of the threshold decrease the slope. Since slope is a measure of variability, one might, of course, well consider such fluctuations as a constituent of slope. Therefore, when slope estimates are compared across studies, care must be taken what sources of perceptual and attentional variation play a role and whether these are treated as part of the slope estimate.
Discussion
Slope estimation bias: There have been several reports that slope estimates based on data from adaptive stimulus placement strategies are biased towards high slopes (Leek, Hanna, & Marshall, 1992; Treutwein & Strasburger, 1999; Kaernbach, 2001) , and in order to compare our results to those in other studies, the amount of bias needs to be estimated. Leek et al. (1992) were possibly the first to show that effect and study in detail the influence of a number of parameters. They report the bias to decrease with increasing track length, with increasing number of alternatives, and increasing true slope (holding step size constant). With varying conditions they find bias between 15 and 80%. From their data, at their highest true slope and for 30 trials in a 10 AFC, the bias would be expected as 13%. Kaernbach (2001) has provided a surprisingly obvious explanation for a slope bias from adaptive data: Since stimulus levels are not chosen at random, the random selection principle is violated leading to a bias "in the data", not the fit. Simply put, an adaptive placement strategy will lead to responses having, above threshold, slightly improved chances of being correct by both a selective lack of re-testing after a correct response, and a selective increase of re-testing after an incorrect response (serial dependency). The converse is true below threshold. Taken together this leads to a positive bias in slope estimation. Kaernbach (2001) has estimated the slope bias both with non-parametric and parametric maximum likelihood estimation. The non-parametric estimate can be considered the most pure assessment of the influence of the serial dependency; from the author's Fig. 1 it is slightly above 20% at a run length of 30. The parametric estimates give higher bias, a possible reason for the difference being what S. Klein (Klein, 2001) refers to as shifting effect: When the threshold parameter is left free to vary in the slope estimation, fluctuations of threshold -real or apparent -will be separated from the slope estimate, thus giving higher slope estimates. Since the shifting bias is here treated separately (estimated as being around 1.5), the non-parametric estimate could be the more appropriate. However, from sample runs (not shown here) it is also apparent that there is by no means a lack of re-testing after a correct response and increase of re-testing after an incorrect response (quite the opposite is true), and from that the reason for a bias is missing altogether.
Taken together there is strong evidence that slope estimates from adaptive-procedure data are biased towards too high. On the other hand, that bias seems to be reasonably small (13%) for a 10AFC task of high true slope, according to Leek et al.' s simulations and around 20% in Kaernbach's estimation. It is therefore considered here to not alter our main conclusions.
Comparison of empirical results:
To put the results on slope reported here into perspective, they were extensively compared to those found by others (see full report); the conversions provided in Strasburger (2001a, reprint in Fechnerday Proceedings) were used for this. A typical result was a value of 2.27 pc/log10c for the case of foveal light-spot detection in the classic paper by Lamar et a. ((1948) (which uses threshold normalization similar to our's). Summarizing these comparisons, the slope values reported here are twice or more of those for quite a number of detection tasks.
Threshold variation and slope: From validation experiments described in the Results section, the influence of normalization -which effectively stationarizes data -is estimated to increase slope by about a factor of 1.5. In effect, the performance variance visible in finite slope is decomposed into threshold fluctuations lasting longer than a minute which it takes for a run (removed by the normalization) and remaining short-term variability. With longer experimental sessions, like in the method of constant stimuli, slopes should be shallower: There is clear evidence that thresholds show rhythmic variations, possibly linked to other biorhythms (Thoss, Bartsch, & Stebel, 1998; Lotze, Treutwein, & Roenneberg, 2000) . Constant-stimulus designs will incorporate these variations into ("overall") slope.
Conclusion
Slopes are remarkably high over a large range of conditions, being about twice that reported for a number of detection tasks. Contrast thresholds are thus defined with high precision. There is no systematic variation of slope with retinal eccentricity. The logistic function shows a slightly better fit than the Weibull. The expected maximum slope for the logistic function is β' = 4.8 (increase of proportion-correct per log 10 -unit increase of stimulus value); the corresponding β values (defined on base e) are β = 9.4 for the logistic and β = 5.5 for the Weibull. These slope values correspond to short-term measurements (around 30 trials or one minute) and do not include performance variations of longer duration; the latter are estimated to increase slope by about a factor of 1.5. The results allow the comparison of recognition contrast thresholds and their reliability across studies and should provide a firm basis for the assessment of the visual sense of form at low contrast across the visual field.
